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Preface
This report is one of several reports developed during the U.S. Department of Energy (DOE) study on the Modeling and Analysis of Value of Advanced Pumped Storage Hydropower in the United States. The study is led by Argonne National Laboratory in collaboration with Siemens PTI, Energy Exemplar, MWH Americas, and the National Renewable Energy Laboratory. Funding for the study was provided by DOE's Office of Energy Efficiency and Renewable Energy (EERE) through a program managed by the EERE's Wind and Water Power Technologies Office (WWPTO).
The scope of work for the study has two main components: (1) development of vendorneutral dynamic simulation models for advanced pumped storage hydro (PSH) technologies, and (2) production cost and revenue analyses to assess the value of PSH in the power system. Throughout the study, the project team was supported and guided by an Advisory Working Group (AWG) consisting of more than 30 experts from a diverse group of organizations, including the hydropower industry and equipment manufacturers, electric power utilities and regional electricity market operators, hydro engineering and consulting companies, national laboratories, universities and research institutions, hydropower industry associations, and government and regulatory agencies.
The development of vendor-neutral models was carried out by the Advanced Technology Modeling Task Force Group (TFG) led by experts from Siemens PTI with the participation of experts from other project team members. First, the Advanced Technology Modeling TFG reviewed and prepared a summary of the existing dynamic models of hydro and PSH plants that are currently in use in the United States. This is published in the report Review of Existing Hydroelectric Turbine-Governor Simulation Models. The review served to determine the need for improvements of existing models and for the development of new ones.
While it was found that existing dynamic models for conventional hydro and PSH plants allow for accurate representation and modeling of these technologies, it was concluded that there is a need for the development of dynamic models for two PSH technologies for which at present there are no existing models available in the United States. Those two technologies are (1) adjustable speed PSH plants employing doubly-fed induction machines (DFIMs) and (2) In addition to the project team members and DOE, all these reports have been reviewed by members of the AWG, and their comments and suggestions have been incorporated into the final versions of the reports. Parts of these reports will also be included in the final report for the entire study to illustrate the model development component of the work.
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Introduction
This report is a part of a series of documents to be issued in the course of a U.S. Department of Energy (DOE) project titled "Modeling and Analysis of Value of Advanced Pumped Storage Hydropower in the U.S." The purpose of this report is to propose a model structure for an adjustable speed pumped storage hydro (PSH) unit employing a doubly-fed induction machine (DFIM).
The use of a DFIM with its rotor windings controlled by a power converter is the present state-of-the-art design for adjustable speed hydro pumped storage units. Although the theoretical basis for the analysis of DFIMs was developed at least 70 years ago (a paper by Charles Concordia et al. in 1942 describes the mathematical modeling and dynamic response of DFIM and refers to even earlier publications), it seems appropriate to provide the fundamental equations governing their dynamic behavior so that the following discussions on modeling these devices for stability studies are more meaningful.
Fortunately, very significant efforts have been previously applied to determine the proper level of modeling required for DFIMs, albeit not specifically for pumped storage units. Previous efforts to describe the theoretical and modeling aspects of DFIMs were related to the development of models for wind turbines employing doubly-fed induction generators. For a period of more than 10 years starting from the early 2000s, a significant evolution has been observed in the approach to modeling this type of electrical machine. While the machines for pumped storage units will be much larger than those used in wind units, and thus the higher currents and voltages may require different power electronic devices, the control strategies and overall responses will be similar.
Section 2 of this report includes a comprehensive review of the basics of the operation of a DFIM, including the theory of this operation for dynamics and steady state.
Section 3 of the report provides a discussion on modeling units employing a DFIM for dynamic stability studies. This discussion takes into account the experience gained in the course of developing Power System Simulator for Engineering (PSS ® E) dynamic simulation models of wind units.
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Section 4 provides a discussion on modeling of adjustable speed hydro pumped storage power units employing a DFIM. While the focus of this report is on how to model these units in the PSS ® E program, the information is provided in a manner that is also applicable to modeling such devices in other commercial power system stability simulation programs.
Section 5 provides a bibliography.
1-2 The basics of DFIM operation are as follows. As shown in Figure 2 -1, the rotor of the machine is connected to the terminals of the machine through a power converter. Therefore, the power converter can control the voltage, current, and frequency in the rotor circuit. P r = sP s, where P s is the power on the stator in W, P r is the power on the rotor in W, and s is the slip defined as
where ω 1 is the supply angular frequency in electrical rad/s, and ω m is the rotor mechanical angular frequency in electrical redians per second. If the generator runs below the synchronous speed (s > 0), then P r > 0, and the mechanical power is less than the power on the stator, P mech < P s . The rotor absorbs power, and a fraction of the stator power is absorbed by the rotor circuits.
If the generator runs above the synchronous speed (s < 0), then P r < 0 and P mech > P s . The rotor generates power, and power is delivered to the grid via the stator and rotor circuits.
Modern DFIMs employ voltage source power converters utilizing fully controlled transistors. The rotor side converter can supply d and q components of rotor current that determine both active and reactive power at the unit's terminals. The line side converter cannot only transfer the active power from or to the rotor side converter, but also could control the reactive power injected or absorbed by the line side converter to or from the grid. The cycloconverters utilized by the previous generation of variable speed pump storage units did not have this capability. However, for the known applications, the line side power converter usually operates with a unity power factor, that is, the reactive power Q r = 0 Vars.
In a wound rotor induction machine, rotor windings, similar to those of the distributed windings on the stator, are wound on a cylindrical laminated core with uniformly spaced slots on the outer periphery. The terminals of the rotor windings are brought out via slip rings and brushes. The alternating current (AC) terminals of the power converter are connected to the rotor windings via these slip rings to provide slip control. In this discussion, capital E, I, and Ψ will be used for stator terminal voltage, current, and flux linkages, respectively. Lower case e, i, and λ are used for rotor terminal voltage, current, and flux linkages, respectively. Capital R and I subscripts indicate components in the real and imaginary axes of the synchronous reference frame, with the imaginary axis I leading the real axis R by 90 electrical degrees.
The following equations are used to describe the dynamic performance of the wound rotor single cage induction machine using the motor convention.
The stator voltage equations are:
Here ω b is the base angular frequency in p.u., normalized with respect to synchronous speed. It is introduced for generality. For most studies, ω b =1. Here ω m is the rotor mechanical angular speed in p.u., normalized with respect to synchronous speed.
Note that both components of the rotor voltage are constant in steady state, similar to the way the R and I components of the synchronous machine stator voltage are constant in steady state.
To be certain of this, one may use the routine conversion formula from the three-phase voltage system to the real and imaginary components with respect to the synchronously rotating reference frame, namely: In the course of the dynamic simulation, e R and e I are subject to control. Because of this, it is important to realize that changing e R and e I actually means changing the magnitude and frequency of the physical rotor phase voltages.
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The real and imaginary components of the flux linkages, as functions of stator and rotor currents do not interact; thus they can be written without indices as:
λ From the equations above, the rotor currents can be expressed as a function of the stator current and rotor flux linkage:
and the stator flux linkages can then be expressed as:
The last equation can be rewritten in a form similar to that used in classical synchronous machine theory by introducing the transient flux linkages:
and transient (derived) inductance: 
The approach to saturation representation is similar to that used in synchronous machines; that is, employing the open circuit saturation curve and entering a flux level that is internal to the machine and empirically approximated as the flux behind transient inductance. The convenience of the transient flux level approach is that, with the use of explicit integration, saturation effects can be represented without requiring iteration of the model equations with the network power flow solutions.
R and I components of the saturation factor will be calculated in proportion to the respective components of the rotor flux linkage.
The differential equations above should be supplemented by equations describing the inertial dynamics.
Electrical torque:
Rotor slip with respect to the base frequency:
Theory of the Dynamic Simulation Model of the Doubly-Fed (Wound Rotor) Induction Machine
where θ is the rotor angle measured with respect to the magnetic axis of the three-phase stator windings, T mech is the mechanical torque, H is the total inertia constant, and DAMP is a damping factor.
The rotor angle is equal to:
The differential and algebraic equations above define the model for the single cage wound rotor induction machine. The equations and block diagram for the double cage wound rotor induction machine could be derived in a similar manner.
1 de Mello, F.P., "Modeling of Induction Machines," Siemens PTI Course Notes, 2001.
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Theory of the Dynamic Simulation Model of the Doubly-Fed (Wound Rotor) Induction Machine 
Steady-State Theory
Steady-state equations can be derived by setting the dλ/dt terms from the voltage equations to zero: 
Figure 2-4 Equivalent Circuit of a Wound Rotor Induction Machine
In the last two diagrams, V 1 = V s , and V 2 = V r .
It is worth remembering that the notion of the equivalent circuit makes sense if dealing with phasors of the same fundamental frequency from both stator and rotor sides. Thus V 1 = V s and V 2 = V r are voltage phasors of the same frequency. To fit with the underlying physics and to obtain the correct value of the stator current which is of the fundamental frequency, we have to use not V 2 but V 2 /s, and not r 2 but r 2 /s.
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Theory The first term of T el is a synchronous torque which at ξ = 0, that is, at s = 0, is equal to synchronous torque of the synchronous machine. The second term of T el is the asynchronous torque identical to the electrical torque of the induction machine with a squirrel cage rotor. This page intentionally left blank.
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Section
3
Modeling Units Employing a DFIM in PSS  E
The Detailed Model
On the basis of the theory described in Section 2, the PSS ® E dynamic simulation model DFIGDC was developed to represent the double cage wound rotor induction machine. The characteristics of the model are demonstrated by its response to a series of tests. A 2-MW 50-Hz DFIM was modeled in these tests.
The power versus rotor speed characteristic of the DFIM used in these tests is shown in Figure 3 -2. As seen in this figure, at rated power, the rated speed is 20% above synchronous speed. The DFIM was dispatched at 57% of its rated power for the tests. Therefore, the respective rotor speed was 6.67% above the synchronous speed. To demonstrate the characteristics of the machine (as compared to the characteristics of the controls), the rotor controls were disabled; that is, the rotor voltage d and q components were kept constant.
The plots in Figure 3 -3 depict the machine terminal voltage and rotor speed response to a remote fault. It can be seen that voltage is maintained close to its initial value, and the speed of the unit exhibits a well-damped dynamic response.
Stator and rotor currents are shown in Figure 3 -4. Note the presence of a high-frequency component as well as components at the same frequency that is seen in the plot of the rotor speed, that is, the typical inter-machine rotor angle oscillation frequency. The model allows simulation of a single cage machine by setting the rotor inductance L1 to a very high value, for example, 99999 per unit. It is noteworthy that, although possible, it is not very likely that one would encounter a DFIM with two rotor windings. 
The Simplified Model
The full order model described above is not appropriate for stability studies because it requires a significant reduction of the integration time step. Moreover, it is well known that taking into account the stator flux linkage dynamics is not necessary for stability studies. However, the rotor flux linkage dynamics must be represented in the electrical machine model used for rotor angle and voltage stability studies.
The PSS ® E dynamic model library contains several models of induction generators; for example, the CIMTR3 and CIMTR4 models. These models include both the rotor flux dynamics and the inertial dynamics, but not stator flux dynamics. The plots in Figure 3-6 show the dynamic response of the CIMTR3 and DFIGDC models to a system disturbance. Three key variables are shown: machine terminal voltage (Vterm), active power (Pelec), and reactive power (Qelec). This plot clearly demonstrates that the CIMTR3 model provides good accuracy in representing the average component of these variables, which is sufficient for rotor angle and voltage stability studies. The vector control provided by a power converter connected to the rotor of the DFIM processes commands in terms of d (R) and q (I) components of rotor current responsible for controlling the machine voltage across the magnetizing branch and electromagnetic torque. This control is done in a very fast manner by means of high-frequency PWM electronics. The rotor current follows these commands with negligible delay. As currents of the rotor and stator are closely related, the current injected by the DFIM into the grid [3] [4] [5] may be determined also based on the commands issued by these controls. This fundamental consideration allows us to dramatically change the approach to modeling of the DFIM controlled by a power converter connected to its rotor winding. The model should have a fair representation of the controls whose outputs are applied to a combined machine/converter model, but it does not need to model either the very fast PWM electronics or include a detailed model of the machine.
This philosophy has been successfully employed for modeling DFIM wind turbines. It can be illustrated with the control structure used in the generic WT3 wind turbine model. 2 It is worth mentioning that the implementation of this model in the two most widely used commercial stability simulation software packages, PSS ® E and Positive Sequence Load Flow (PSLF), is identical. The active power (electromagnetic torque) control block diagram is shown in Figure 3- . .
I pmax Figure 3-8 Active Power (Electromagnetic Torque) Control Block Diagram
The reactive power control block diagram is shown in Figure 3 -9. The reactive power command Q cmd may come from an external model that may be responsible for the remote bus voltage control or power factor control. The reactive power error, the mismatch between the reactive power command and the machine generated reactive power, is the input for the integral control whose output is the terminal voltage reference. The terminal voltage error is integrated, and the output of the integral controller is the internal voltage command E q cmd . Both Ip cmd and Eq cmd from the uncoupled active and reactive power controls are input to the generator/converter model whose simplified example is shown in Figure 3 -10. Two first-order lags with small time constants simulate the electromagnetic dynamics of the machine. This model also includes the mechanical dynamics of the rotor. 
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Section
Modeling Adjustable Speed Drive Hydro Pumped Storage Units Employing a DFIM
The modeling of wind turbines employing a DFIM was described in Section 3 to explain the pertinent mathematics and the lessons learned in the long evolution of these models into their presently well-accepted versions. While there are obviously differences between the modeling requirements of those wind units and of PSH units employing a DFIM, there are also many similarities. For example, the required level of modeling of the machine was thoroughly investigated for the wind turbines, and this knowledge can be applied to the modeling of these pumped storage units. General control strategies can also be adapted. For example, the wind turbine's aerodynamic mechanical power P mech is calculated based on the turbine blade's pitch angle; this can be thought of as analogous to the gate position control used in a hydro application. Also similar to the approaches taken in the wind application, some control functionalities cannot be taken into account in the positive sequence fundamental frequency phasor approach typical for the stability studies; thus, these functionalities also will be ignored in the PSH modeling. An example of this is the well-known crowbar control used for protecting the converter equipment.
The recommended model structure for a PSH unit employing a DFIM is given in this section. The design of this model draws heavily on the control structures described in a paper by T. Kuwabara, A. Shibuya, and H. Furuta titled "Design and Dynamic Response Characteristics of 400 MW Adjustable Speed Pumped Storage Unit for Ohkawachi Power Station" (IEEE Transactions on Energy Conversion, Vol. 11, No. 2, June 1996). We found the approach to modeling-which is based on the experience of these Japanese authors that was gained at their Ohkawachi PHS plant -to be the most practical and useful of the many references reviewed. It is also consistent with our understanding and the modeling practices of commercial stability programs. However, there are many other references and ongoing development efforts, thus the selection of this control structure is not to be construed as indicating that other potential control structures are impossible, since they may have advantages for particular installations or technologies.
The control structure selected reflects a thorough review of the literature. Two primary approaches to control are described in the reviewed literature, based on the two primary variables to be controlled.
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In a conventional pumped storage plant, synchronous machines are employed. The input to the governor controls is speed, and the gate position is controlled to adjust power. The machine speed is not controlled; since the machine is a synchronous machine, speed is locked to the system frequency.
In a pumped storage plant employing a DFIM, there are two controllable variables: gate position and speed, as the speed of the machine is no longer locked to system frequency. In the steady state, the controls select the optimum relationship between gate position and speed to get the desired power. However, there are three basic control approaches:
1. The electrical power is controlled by the power converter, and the rotating speed is controlled by the turbine governor adjusting the gate position.
2. The rotating speed is controlled by the power converter, and the electrical power is controlled by the turbine governor adjusting gate position.
3. A combination of these two approaches.
Since the power converter can be adjusted very quickly (tenths of a second) compared to gate position (seconds), control strategy 1 above is labeled as Fast Power Control and control strategy 2 as Fast Speed Control. In a general sense, it can be shown that both approaches work, although the transient response of the units to events occurring on the system is very different.
The control investigations that are related to the design of the Okhawachi power plant in Japan showed the response employing both control strategies. 3 The authors show that Fast Power Control is a superior approach compared to Fast Speed Control. They conclude that a DFIM pumped storage unit with Fast Power Control would exhibit a transient behavior superior to a unit with a synchronous machine, while a DFIM unit with Fast Speed Control would exhibit a transient behavior inferior to a unit with a synchronous machine.
The two control strategies are also compared in another reference. 4 The authors conclude that the Fast Speed Control strategy is detrimental to grid stability. This is illustrated by the simulation of an event calling for a reduction in power (in this case, a step reduction in the active power set point). It is shown that the speed is quickly controlled to the new desired setting, but the power injected by the unit into the grid actually goes in the opposite direction and increases initially and decreases only after several seconds. The authors state that the transient behavior resulting from the variation is not acceptable. They then show that the Fast Power Control strategy is capable of following changes of the power set point very quickly, about 84 times quicker than using the alternate strategy, and it results in very acceptable transient behavior.
The findings of the fifth reference 5 are based on the experience gained at the Goldisthal pumped storage plant in Germany. Similar to the previous references, both control strategies were investigated. The Fast Power Control strategy was shown to be superior and was selected as the preferred strategy.
There are other PSH plants, such as the Yagisawa and Shiobara plants in Japan, where the third control strategy is employed, using a combination of control strategy 1 (Fast Power Control) and strategy 2 (Fast Speed Control). 6 The output power of these units is normally controlled by adjusting the guide vane opening, and the converter controls adjust to maintain the optimal rotating speed. This is essentially strategy 2. However, in the case of a large disturbance casing a significant frequency deviation, the controls respond very quickly due to an additional compensation signal applied to both the converter control and the gate controls. Thus for large disturbances, the response of strategy 3 will be similar to strategy 1, because both of these control strategies adjust the electrical output not only by mechanical input (gate control) but also by using the inertia of the rotating mass (through power control by the converter). The stated advantage of this approach is that it meets both electrical and mechanical requirements in that it reduces the movement of the guide vane and the adjustment of the rotating speed of the units, while still maintaining the ability to make a quick response under conditions where it is needed.
In the modeling effort described below, the Fast Power Control strategy is employed. The total power command P set is summed up with the "Rotating Speed Pulling-back Control." The purpose of the latter is to make sure that the machine's speed never goes beyond the predetermined lower and upper limits that are determined by the size of the converter.
Turbine Mode of Operation
The power error is processed by a PI regulator. Then the active current command, along with the reactive current command from the voltage regulator, is fed to the power converter control.
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The turbine governor is controlling the machine shaft speed. The total power command P set enters the "Speed Optimizer" whose output is the speed reference. The speed error is the input for the hydro turbine speed governor. 
Pumping Mode of Operation
The following control diagrams are suggested for modeling the pumping mode of operation. The control scheme is similar to that used for the generating mode but has some significant differences. Figure 4 -9 shows the general control strategy. Figure 4 -10 shows the control structure and the linkages between its many components. The components that are different from those described above for the generating mode will be further explained below. As in the generating mode, the converter control is responsible for controlling both active power and voltage. The major differences from the generating model are in the active power controller and the modeling of the physics of the gate, pump, and penstock relationships. Figure 4 -11 shows the active power controller in the pump mode. The desired speed at power P set is determined from the speed optimizer and compared to the actual speed. A PI controller determines the desired power, which is then compared to the power absorbed by the unit, and then another PI controller determines the active current command. The active current command, along with the reactive current command from the voltage regulator, is fed to the power converter control.
The total power command P set is also used by the gate optimizer to determine the desired gate position. 
Rotor Speed/Gate Position Relationships
The basic physics of the pump/turbine and penstock for an adjustable speed machine are similar to the physics of conventional PSH units. However, a conventional unit operates at synchronous speed; and thus, the only controllable quantity is gate position. In the generating mode, the power output of the unit is controlled by adjusting the gate position. Of course, throttling the flow through the closing of the gate has an impact on efficiency. In the pumping mode, the impact on efficiency would be even greater, as closing the gate would result in an increase of the effort required to pump a given amount of water. Thus, conventional units generally operate at a wide-open gate in the pumping mode at a fixed pump load.
With an adjustable speed pumped storage unit, both speed and gate position can be controlled. Of course, this results in an additional need to determine the optimal settings for these two interrelated quantities. Manufacturers have detailed models and computer programs that calculate the efficiency in generating or pumping mode. These calculations result in a "hill" diagram that shows efficiency for a range of gate, speed, and flow (or gate, speed, and power) at a given static head. These diagrams can be used to determine the gate and speed which give the best efficiency for a given static head and flow rate (or power at a given static head).
The model does not need to contain these complex optimization calculations. The speed and gate optimizers of the model will be used to select the proper coordination of speed and gate position to maximize efficiency. While the optimization process itself is not [4] [5] [6] [7] [8] [9] [10] modeled, the optimal mechanical power/gate/speed relationships supplied by the manufacturer are represented through simplified functional characteristics.
Some publications suggest examples of optimal characteristics obtained as a result of calculations or tests. Harbort et al. (1998) shows a performance graph that provides the optimal speed as a function of the MW output and the water head. A possible range of rotor speed determined by the size of the power converter is marked as ±15%. The performance graph shows that for a given power, the optimal speed is almost indifferent to the water head for the three values of static head shown (a variation of more than 10%).
Based on the performance graph for optimal turbine speed, it is also possible to obtain optimal gate opening function (Harbort et al, 1998) . This function shows the gate opening's dependence on power and water head for the optimal speed. Note that the model of the PSH unit described above will not be project specific. A big challenge of this project is to develop these functions as generic lookup tables that can be used for simulating the performance of any commercially available hydro unit. [4] [5] [6] [7] [8] [9] [10] [11] 
